Abstract⎯The review describes theoretical approaches based on computer simulations at various levels of details (from quantum chemical calculations to atomistic and coarse-grained models) to study asphaltenes and systems containing asphaltenes. The used methods are described, their advantages and disadvantages are discussed in terms of computational costs and time-and spatial-scales available for simulations. The results of studies of the asphaltenes interactions with each other and their aggregation behavior in low-molecular solvents are presented. The most promising approaches of computer simulations of asphaltenes-based systems are determined.
A significant amount of asphaltenes can be found in oil (up to 20%, depending on the source) [3, 4] , and they are by-products of crude oil processing. Asphaltenes significantly influence increase of oil viscosity, and their precipitation often leads to contamination and equipment damage making oil production, transportation, and processing complicated and expensive [5] . Thereby, oil refining to prevent negative consequences of ASPs and their further utilization is an important technological and economic problem [5, 6] .
The physics behind this is the ASPs' tendency to self-assemble and form nanosized aggregates, both in oil and in several other solvents, mainly due to π-π interactions between the aromatic fragments of the molecules [2, 5] . The most common description of the stages of hierarchical processes of ASP self-assembly is formulated within the phenomenological model of Yen-Mullins [2, 7, 8] . At the same time, the stability of formed structures and the possibility of their precipitation depend on temperature, pressure, and composition of the mixture. It has been experimentally and theoretically established, that ASP molecules can form nanoparticles with the size of 2-5 nm which are stable even at rather high temperatures (up to 400°C) and are also called asphaltenes [2, 7] .
One of the promising applications of ASPs is their addition to polymer binders during nanocomposites production. Development of new polymer composite materials is a common trend in modern material and polymer science, as interactions between binder and filler are responsible for enhancing of properties of final materials. Addition of nanoparticles into the binders allows one to achieve significant changes in the properties of the resulting materials due to the large specific surface area of the nanofiller [9] . Recently, nanoparticles of montmorillonite and silica were suggested as low-cost natural nanofillers. However, addition of these nanoparticles often did not lead to a significant improvement in polymer characteristics [10] [11] [12] [13] . Carbon nanoparticles are more promising nanofillers [9, 14] , however their mass use is limited by a high cost [15, 16] . ASPs can be considered as nanofillers that are structurally similar to graphene due to the presence of flat fragments having several aromatic rings in their chemical structures [2] . Graphene is one of the most promising and currently used carbon nanofiller in polymer nanocomposites production. When introduced into polymeric binders, graphene can even initiate crystallization and lead to a significant change in the structural and mechanical characteristics of the resulting materials as compared to unfilled polymers [17, 18] . However, the use of graphene as a filler in the development of industrial nanocomposites is essentially limited by its high cost, which is about 100 euro per gram [15] . Therefore, the use of ASPs as fillers in polymer nanocomposites development can be a novel promising approach to production of modern polymer nanocomposites [19] [20] [21] [22] .
Behaviour of individual ASPs in various systems and structural features of their aggregates remain poorly studied. The difficulties of experimental characterization of such systems are related to the nanometer size of asphaltenes and their aggregates, and a vast variety of their chemical structures. Recent advances in analytical chemistry, based primarily on mass spectrometry, have revealed tens of thousands of different ASP molecules [2] . The main part of any ASP consists of one or more planar fragments including several aromatic rings which can comprise various heteroatoms. Short aliphatic chains are covalently bonded to the flat fragments of ASPs (in the case of ASPs with one flat fragment, their architecture is called an "island"). The same chains can connect different flat fragments of an ASP (in this case, its architecture is referred to as an "archipelago") [2, 23, 24] .
Therefore, along with experiments to study ASPs, the use of theoretical methods primarily based on modern computer simulations is of considerable interest. Such simulations can serve both to describe properties of individual ASP molecules and their aggregates and to determine the effect of presence of ASPs in various systems on their resulting properties. The applied methods of computer simulations may be divided into three groups: (1) quantum chemical calculations (ab initio or semi-empirical, depending on the size of system under study); (2) simulations based on classical Newtonian mechanics and the use of detailed atomistic models; (3) simulations based on the use of mesoscopic (coarse-grained) models. In this review, we cover the basics of these theoretical methods and discuss the results of known studies of systems with asphaltenes as the key components.
INVESTIGATION OF ASPHALTENE PROPERTIES USING QUANTUM CHEMICAL
CALCULATIONS Quantum chemical calculations are based on the solution of the stationary Schrödinger equation which is independent on time. The most widely used methods to solve this equation are based on the HartreeFock self-consistent field method [27] or the electron density functional theory [28] . In the self-consistent field approach, it is assumed that each electron in the system is located in an effective field formed by nuclei and other electrons. The electrons obey the Pauli principle implying that there cannot be two or more electrons with equally directed spins in the same point in space at the same time. Density of electron clouds near the simulated molecules is the result of approximate solution of the Schrödinger equation using the Hartree-Fock method. Disadvantages of this approach are the complexity of taking electronic correlations into account and the high computational cost for its implementation [25] .
In the electron density functional method, manyelectron wave function is replaced by electron density functional. Such a replacement makes it possible to substantially reduce the number of unknown variables, so methods of electron density functional are characterized by a higher computational speed than the Hartree-Fock method. However, it is extremely important to choose the right type of exchange-correlation functions of electron density when using these methods [26] .
The use of quantum chemical calculations to study ASP-containing systems is limited mainly by the large consumption of computational time, since ASP molecules may contain dozens of atoms. Therefore, it is reasonable to study only relatively small systems consisting of 1−2 molecules of ASP with the aid of methods of quantum chemistry [29] [30] [31] [32] [33] .
In the study of Li et al. [29] , the influence of chemical modification of side groups of ASP molecules on their spatial structure was considered. The authors calculated chemical bond lenghts and valence angles between carbon atoms in the five-membered cycles, depending on grafting site of the side groups by the Hartree-Fock and the electron density functional methods. They showed that spatial configuration of ASP can deviate from the planar configuration depending on position of the side groups (Fig. 1) . The results obtained provide a better understanding of the processes responsible for asphaltenes aggregation.
Applying the electron density functional theory, Wang et al. [30] studied the effect of ASP chemical structure on ASPs dimerization, i.e. sticking two molecules together. Six different ASP molecules with various number of planar fragments, length and position of aliphatic side chain grafting, and number and type of heteroatoms within the molecular core were chosen for consideration (Fig. 2) . Such studies are important, since a test of solubility is one of the simplest way to determine if a given molecule is an ASP, i.e. whether individual ASP molecules stick together in presence of a solvent. According to a widely used definition, ASPs are soluble in toluene and benzene and are poorly soluble in pentane and heptane [2, 5, 34] .
The optimal spatial structure of dimers formed by two identical molecules of one of the six selected types of ASPs in vacuum was obtained, which is typical for quantum chemical calculations due to limitations on the number of atoms in the system under consideration [30] . Dimerization energy for the formed complexes was also calculated (Fig. 3) .
Based on the analysis of the interaction energies of ASPs with each other and the distance between their aromatic rings, the authors evaluated stability of the formed dimers. It was shown that the binding energy of ASPs and their orientation in complex depend not only on the number of aromatic rings in the backbone of individual molecule, but also on the number of heteroatoms and the length of grafted aliphatic chains that affect electron density distribution on van der Waals surface of each molecule. Analysis of the data obtained in Ref. [30] shows that interactions between aliphatic side chain and polyaromatic core (the so-called θ−π-intramolecular and intermolecular interactions) are favorable in ASPs containing systems. However, the driving force of ASPs aggregation is π−π-interactions between aromatic rings. Solvent may have a significant effect on the formation of dimeric complexes of ASPs. Hernandez-Bravo et al. investigated the influence of number of aromatic rings and length of aliphatic side chains of ASPs on their solubility in ionic liquids [31] . Сhange in molecular volume and density of ASPs as a function of their chemical composition was studied by quantum chemical calculations based on electron density functional method considering correlation damping of dispersive energy. To evaluate thermodynamic properties of the systems under study, the obtained results were analyzed using the COSMOtherm routine included in the COSMO-RS package [35, 36] . It was shown [31] that [29] . The flat aromatic backbone is curved due to the presence of an additional side group (in circle in the left figures). Reprinted (adapted) with permission from [29] . Copyright 2011 American Chemical Society.
(b) (a) Fig. 2 . The molecules of asphaltenes studied in [30] which differ in number of aromatic rings within the core, length and position of aliphatic side chain grafts, and number and type of heteroatoms in the molecular core. Reprinted (adapted) with permission from [30] . Copyright 2017 American Chemical Society. Hildebrand solubility parameter of ASPs in ionic liquids gradually decreases with the increase of length of aliphatic side chains, which may be due to a decrease in π-π interactions contribution to interaction energy of aromatic rings of ionic liquid and ASP. Moreover, the presence of heteroatoms in chemical structure of ionic liquids leads to an increase in their contribution to electrostatic interactions between them and ASP heteroatoms. On the basis of the results obtained, it was concluded that the most significant contribution to ASP solubility in ionic liquids is made by van der Waals interactions, π-π interactions, ion-π interactions related with interactions between p-orbitals of planar fragments of ASPs and ions, and hydrophobic interactions. A change in the chemical structure of ionic liquid can lead to a change in strength of these interactions and, in turn, to a change in solubility, density, and molecular volume of ASPs.
Jena et al. [32] performed computer simulations at various spatial scales to study ASPs: electron density functional and atomistic molecular dynamics simulations. The authors investigated the nature of interactions of ASP molecules with each other and with a quartz substrate. The effect of ASP structure chemical modification by NO 2 and F groups (Fig. 4) on the value of energy of non-valent interactions was also studied.
The authors calculated cohesive energies between ASP molecules and adhesion energies between ASP molecules and a quartz surface layer-by means of quantum chemical calculations using the Fig. 3 . Configurations of the dimers of the asphaltene molecules considered in [30] corresponding to the potential energy minimum. Reprinted (adapted) with permission from [30] . Copyright 2017 American Chemical Society. B3LYP(6-31G*) electron density functional. It was found that ASP molecules tend to adopt more flat structures near the quartz surface in comparison with systems without the substrate (Fig. 5 ). The influence of water molecules on ASP-substrate interactions was also studied, and it was shown that addition of water weakens electrostatic interactions between the quartz surface and ASP. The authors showed that the interactions between ASP and the quartz surface are mainly driven by the van der Waals forces. Introduction of the NO 2 group into the ASP chemical structure led to an improved adhesion to the quartz layer compared to an unmodified molecule and a molecule modified by fluorine. In addition, the change in electrostatic interactions between the ASP molecules and the quartz surface due to the presence of partial charges also had a significant effect on the value of adhesion energy between the quartz and the ASP. In this case, the change in electrostatic interactions can be achieved by adding polar groups possessing a dipole moment into the ASP chemical structure in contrast to non-valent van der Waals interactions. Such a modification can also significantly affect the cohesive energy between the ASP molecules. Similarly, the importance of the contribution of dispersion interactions to the interaction energy of ASP and porphyrin molecules on the surface of α-quartz was established in the study of Torres et al. [33] . It was shown that both porphyrin and the investigated ASP tend to adsorb parallel to the quartz surface [33] . At the same time, an increase in the length of the side aliphatic chains of the ASP led to an increase in the energy of their adsorption on the quartz surface which is probably due to a decrease in the energy contribution of the dispersion van der Waals interactions.
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Thus, the systems containing 1-2 ASP molecules were investigated in the presence of a substrate or a solvent in the studies [29] [30] [31] [32] [33] using quantum chemical calculations. The fundamental information on the structure of ASPs and their interactions with each other in various systems was obtained. Despite the small size of the studied systems it can be concluded that intermolecular non-valent interactions have a significant effect on dimerization. At the same time, if the chemical structure of asphaltenes comprises heteroatoms of nitrogen, oxygen, sulfur etc., than, besides π-π interactions between aromatic rings and θ-π interactions between the side aliphatic chains and aromatic rings of ASPs, electrostatic interactions play an important role. However, to study systems with a large number of ASPs or more complex systems consisting of tens of thousands of atoms, such as fragments of polymer nanocomposites filled with ASPs, computer simulation methods based on a less detailed description of the considered systems should be used. This would make it possible to overcome the limitations of the quantum chemical calculations related with the size of systems and the time of modeling. Such a change in the considered model may be realized by the transition from the electron-nuclear level of description to the atomistic level where each atom is described as a separately moving particle by the equations of classical mechanics. In order to take into account the anisotropy of the electron density distribution in the molecules under study, so-called partial charges can be assigned to atoms in atomistic methods. These charges may be calculated from the electron density distribution data as a result of quantum chemical calculations [37] [38] [39] . Therefore, quantum chemical calculations can be also important in the development of atomistic models of systems containing asphaltenes.
SIMULATION OF ASPHALTENES PROPERTIES BY MOLECULAR DYNAMICS METHOD USING ATOMISTIC MODELS
One of the most widely used methods of simulations using detailed atomistic models, i.e. the models in which each atom is explicitly considered, is the molecular dynamics (MD) method. MD is based on the numerical integration of the system of the Newton's differential equations of motion for all atoms in the system. At each step of the simulation, the system of equations is solved using finite-difference schemes. Each atom in the system is described as a point particle, and the interaction between atoms is accounted for by a set of potential functions which is called the force field.
It was shown in the review of Murgich [40] that there is no reason to assume that the interactions between the molecules that constitute the oil somehow differ from the usual interactions between other known organic molecules. The main types of interactions between ASPs are van der Waals and Coulomb interactions (typical dipole moment of one asphaltene is slightly more than 1 Db) [40] . The formation of hydrogen bonds can be important for some chemical structures of ASPs. This confirms the possibility of using the molecular dynamics method to study molecular systems based on ASPs.
The result of MD simulations is the so-called trajectory of the system motion in phase space containing the coordinates and velocities of all the atoms of the system at all times. Once the trajectory is obtained, various characteristics of the system can be calculated on its basis. In this case, it is possible to simulate systems consisting of tens and hundreds of thousands of atoms at times from tens of nanoseconds [23, [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] to microseconds [59] [60] [61] [62] when describing at the level of individual atoms. The usual step of the simulations (i.e. time increment in the equations of motion) equals to 1-2 fs which is the minimum "recording step" of the trajectory. An overview of papers in which systems containing ASP molecules have been studied using the MD simulation method is presented below.
Aggregation of ASPs was studied in one of the earliest papers devoted to atomistic MD simulations of ASPs [34] . Two ASP molecules conventionally called asphaltene A and asphaltene B were considered; their structures are shown in Fig. 6 . Figure 7 shows the structures of aggregates formed by two, three, and four molecules of asphaltene A. It is seen that when the molecules aggregate they are oriented parallel to each other with flat sections consisting of aromatic rings arranged opposite to each other. Calculations of the interaction energy between the molecules in vacuum were carried out using molecular mechanics approach. This method implies minimization of the potential energy of the system under study which makes it possible to determine the values of the interaction energies in its energy minimum. It was established that the energy gain from aggregation increases with increasing number of molecules in the aggregate.
The same method was used in Refs. [63, 64] to determine the most favorable configurations of ASP molecules. It was shown by molecular mechanics in Ref. [65] that aggregates of the "island" type ASP consist of only several molecules and their subsequent growth is not energetically favorable. Configuration of aggregates of the "archipelago" type ASP is more complicated.
In addition, the mean values of the Hildebrand solubility parameter for ASPs in aggregates were calculated in Ref. [34] . The results showed a decrease in the solubility parameter with an increase in the aggregation degree (the average number of the ASP in the aggregate) which agrees with known experimental data. The authors considered the behavior of ASPs in various solvents and obtained the agreement of the results of the molecular dynamics simulations with experimental data. The simulations were carried out using the commercial package Discover 2.0, Biosym Technologies, Inc. [66] , the simulations duration was only 100 ps.
Complex systems including water and model bitumen composed of resins, saturated HCs, coal oil, and ASPs were simulated using the atomistic MD method in the recent study of Lemarchand et al. [42] . Special attention was paid to the study of water molecules mobility in such systems which is an advantage of the MD in comparison with the Monte Carlo method (see, for example, Monte Carlo for Complex Chemical Systems package (MCCCS) Towhee [67] ) which can also be used for atomistic simulations, but mainly to study structural properties or to create the initial configurations of the studied systems [29] . The structure of the ASP molecules studied in Ref. [42] is shown in Fig. 8 . The simulations parameters from Ref. [59] and the RUMD software [68] were used; the simulations duration was about 40 ns for each of the examined systems. Figure 9 shows the change in the number of aromatic molecules of the investigated systems, including ASPs, in aggregates depending on the amount of water at different temperatures. It can be seen that the addi- tion of a small amount of water (up to 5% of the volume) had a little effect on the number of molecules in the aggregate. However, the significant dependence of this number on temperature was found, see Fig. 9 : The temperature of 452 K was the most favorable for the formation of aggregates, i.e. the middle of the three studied temperatures (377, 452, and 603 K). Such results may be related to the mobility of water molecules when the temperature of the systems under study is varying. Figure 10 shows the dependence of the mobility of the ASP molecules on the number of water molecules. It can be seen that an increase in the amount of water in the system practically did not affect their mobility. In addition, as follows from Fig. 10 , the displacement of water molecules by distances of the nanometer order comparable with the size of the ASP molecules took tens of nanoseconds at T = 377 K. It was possible to detect all three diffusion regimes of the asphaltene molecules during the simulations: ballistic (when the slope of the dependence of the mean square displacement for the centers of masses of molecules on time in a double logarithmic scale is close to 2), sub-diffusion (the slope less than 1) and the beginning of the normal diffusion regime (the slope is close to 1). In order to obtain sufficient statistics in the study of diffusion, the simulation time must be an order of magnitude greater than the displacement time of individual molecules over distances of the order of its dimensions. Thus, the lower estimate of the simulation time at a given temperature is hundreds of nanoseconds. This task is computationally demanding even for modern supercomputers.
The effect of chemical structure of asphaltenes on their association and aggregation was studied using the atomistic MD method by Sedghi et al. [43] . All simulations were performed at the temperature of 300 K and the pressure of 1 bar in the OPLS-AA force field [69, 70] using the GROMACS 4.5.5 [71] being one of the most effective simulation packages to date; the simulation time equaled to 10 ns. A number of ASP molecules of A01−A07 type was studied, whose chemical structures are presented in Fig. 11 . These molecules were chosen on the basis of the results of Ref. [23] .
The umbrella sampling method was used to calculate the change in the dimerization free energy of ASPs in toluene and heptane [43] . The simulations results showed that their aggregation is determined by the interaction between the aromatic rings of ASPs. The ≤ t <10 ns, the slope ∈ (0,1)), and the normal diffusion regime (t ≥ 10 ns, the slope ~ 1). Reprinted (adapted) with permission from [42] . Copyright 2016 American Chemical Society. 
strength of the interaction of ASPs depends not only on the number of aromatic rings, but also on the presence of heteroatoms in the aromatic core, which can reduce the electrostatic repulsion. The free energy of aggregation of ASPs in heptane was lower than the one in toluene due to aromatic interactions between the toluene molecules and the asphaltenes. It was also shown that the size and quantity of aliphatic side chains of ASPs has only a slight effect on dimerization, but their presence affects the aggregation of ASPs due to steric repulsion caused by the aliphatic side chains. In addition, MD simulations of 36 ASP molecules in heptane were carried out in Ref. [43] . An agreement with the predictions of the Yen-Mullins phenomenological model was obtained and three stages of ASP aggregation were demonstrated: nanoaggregation (the number of ASPs in the nanoaggregate or aggregation number g z = 8-10), clusterization (g z = 14-16), and flocculation (g z > 25). Here, the flocculation means the formation of large ASP aggregates, or so-called flocculi capable of phase separation and precipitation.
The authors noted that flocculation was observed for ASPs with higher free aggregation energy (A02, A04, and A06) as well as for the ASP without aliphatic side chains (A08). ASPs with a moderate tendency to aggregation (A01 and A05) formed the cluster that did not flocculate, whereas the ASP with a weak tendency to aggregation (A07) were only in the nanoaggregate state. In spite of the fact that the A01 and A03 ASPs have approximately equal aggregation free energy, they showed a different tendency to form aggregates. A possible explanation for this is that the A03 ASP can not form a T-shape configuration due to steric repulsion between six short aliphatic chains and aromatic core, so that the attachment of new molecules can occur only at two ends of the aggregate. It was also shown that the flocculation process can take place abruptly. Figure 12 shows the floccula formed by the A04 asphaltenes.
In addition, the effect of the dipole moment of ASPs and their aromaticity on the free energy of dimerization was studied. It was established that this energy is practically independent on the investigated parameters of ASP molecules.
Since spatial arrangement of ASPs plays a key role in the formation of aggregates, let us dwell on this problem in more detail. Aromatic interactions occur due to both the overlapping of the π-electron clouds of the aromatic rings located one above the other and the electrostatic attraction between the negative π-electron cloud and the positive σ-structure of the aromatic rings when the atom with a positive partial charge is above the aromatic ring [72, 73] . The conformation of the edge-to-plane is the most stable for benzene dimers. However, the formation of a parallel arrangement of molecules becomes more favorable due to aromatic interactions as the number of aromatic rings Fig. 11 . Structures of asphaltene molecules studied in [43] . Reprinted (adapted) with permission from [43] . in the molecule increases. This was shown, for example, in Ref. [63] where aromatic interactions between coronene molecules whose chemical structure is close to the one of ASP molecules were investigated by the molecular mechanics method. The aggregation of different types of ASPs in an aquous environment was studied using a number of experimental approaches as well as the atomistic molecular dynamics method [44] . The authors isolated the surface active subfraction of ASPs (interfacially active subfraction of asphaltenes, IAA) and other ASPs (remaining asphaltenes, RA) samples. Then they studied their characteristics. It was shown that IAA molecules have a higher molecular weight and higher content of heteroatoms compared to the RA molecules (for example, the oxygen content was three times higher). Elemental analysis and IR Fourier spectroscopy data showed that the IAA molecules contain more polar sulfoxide groups than the RA molecules. The results of experiments on mass spectrometry, nuclear magnetic resonance, IR Fourier spectroscopy, and elemental analysis were used to construct the hypothetical models of the molecules of IAA and RA types (Fig. 13) .
ASP structures shown in Fig. 13 were used in the MD simulations to study the interface and aggregation behavior of these molecules. The simulations were carried out using the GROMACS package [71] in the GROMOS96-53a6 force field by means of the united atoms model [45, [74] [75] [76] in the NpT ensemble at the temperature of 298 K and the pressure of 1 bar. The methodology of the simulations was described in detail in Refs. [46, 47] . The total duration of the simulations equaled to 100 ns. The last 10 ns were used to obtain the density profiles shown in Fig. 14 . The authors show that the more polar IAA molecules have density maxima both at the center and at the boundaries of the region where toluene is located, whereas the less polar RA molecules have a single maximum density at the center of the region filled with toluene.
During the simulations, the IAA molecules showed the ability of self-organization in the solvent; they formed supramolecular structures and a porous system at the toluene/water interface. The RA molecules formed aggregates in toluene by the stacking of polyaromatic rings on top of each other. The obtained results supplement the understanding of the role of ASPs in the stabilization of oil emulsions [44] . The simulation results confirm the previously obtained experimental data that IAA molecules are irreversibly adsorbed on the oil/water interface forming the porous system. Significant differences in the interface and aggregation properties of the IAA and RA molecules are associated with the presence of sulfoxide groups which are characterized by high polarity and can form hydrogen bonds of various types.
The aggregation of ASPs was studied by the atomistic MD method in Ref. [48] . The simulations of systems consisting of ~50000 atoms were performed during 80 ns. Bonded and non-bonded interactions in the systems under study were described using OPLS-AA force field. Four different ASP molecules (A, C, D, E; the C and D molecules belong to the class of "islands", A and E to the class of "archipelagos"), model resin molecule (B) and mixtures of ASP molecules and resin. The chemical structures of the studied molecules are shown in Fig. 15 .
The simulations were carried out in an explicit solvent: either in toluene or heptane [48] . As noted above, these solvents represent extreme solubility cases for ASPs and, therefore, they are important systems for simulations and comparison with experimental data. The following conclusions were made as a result of the study. In a good solvent, the continuous size distribution of aggregates is observed with a significant part of ASPs being individual molecules or dimers. The average aggregation number lies in the range between 3.6 and 5.6; these values are lower than the ones predicted by some indirect experimental estimates, but these results correspond exactly to the estimation of the aggregation number obtained from the small-angle X-ray scattering data [48] . Analysis of the principal axes of the inertia tensor showed that the aggregates have an average shape close to the sphere. The formation of thin disc-shaped aggregates, the existence of which follows from the results of smallangle scattering experiments, was not observed. The assumption was made that the difference is due to the structure of the ASP molecules (Fig. 15): The asphaltenes of the "archipelago" type (A and E molecules) tend to form more elongated structures, whereas the asphaltenes of the "island" type (C and D molecules) are prone to form "oblate" aggregates. This agrees with the experimental data and the data obtained in the simulation [77] . Estimation of aggregate density during the simulations showed that they contain not less than 50% of the solvent which agrees with the experimental data [78] . Replacing some of the solvent molecules (7 wt %) with the model resin did not change the shape of asphaltenes aggregates, their size or density when dissolved in toluene. However, the addition of resin led to a decrease in the density of ASP aggregates apparently due to the intercalation of resin molecules into the aggregate in heptane. These results show that the resins do not play the role of surfactants in the formation of ASP aggregates. It was shown that the free energy of ASPs dimerization in toluene is lower than the one in heptane by calculating the average force potential. There were no fundamental differences between ASP aggregates and ASP clusters consisting of several aggregates. The size-distribution of ASP aggregates turned out to be continuous which contradicts the Yen-Mullins model [79] . Simulations showed that the formation of ASP clusters in heptane continues even after 500 ns. That is, the simulations on such a time scale is sufficient to obtain qualitative results, but not enough for a good equillibration of the system. The authors also indicated the effect of the choice of the simulation cell size. The radius of inertia of ASPs in toluene is approximately 5 nm as follows from the results of small-angle scattering. Therefore, in order to reduce the influence of interactions between the periodic images of the molecules being studied, it is necessary to perform calculations in a cell with a characteristic size larger than 5 nm which requires significant computational resources.
The aggregation of a number of ASPs and resins was studied in Ref. [80] . The simulations duration was only 100 ps. It is shown that the van der Waals forces (which take into account the aromatic interactions [81] ) make the main contribution to the stabilization of ASP aggregates. Changes in the structure of ASPs during aggregation were insignificant, and the stability of aggregates depends on the ASP chemical structure:
The aggregates based on molecules with a low ratio of the number of hydrogen atoms to the number of carbon atoms and a larger molecular mass are more stable.
In Ref. [82] , 10 ASP molecules were simulated, the structures of which were generated using the SIGNA-TURE program [83] [84] [85] [86] in accordance with the experimental data and the existing concept in the literature on the structure of ASPs obtained from Arabian Light oil. The simulations duration was only 25 ps. It was shown that in the system consisting of 10 generated ASP molecules at a temperature of about 800-850 K, the volume change is seen that occurs as a second-order phase transition. These are the most sig- Aggregation of ASPs and resins in toluene and heptane was also studied by the atomistic MD method in Ref. [23] . The simulations were performed using the GROMACS package in the OPLS-AA force field, its applicability was verified by the comparison the density and was evaporation of 1-methylnaphthalene with the experimental data. The simulations duration was 20 ns. The formation of dimers and trimers of ASPs in both toluene and heptane was shown. It was established that aggregates exist somewhat longer in heptane than in toluene. However, the free energy of formation of ASP dimers turned out to be close to each other both in heptane and in toluene and amounted to -6.6 to -12.1 kJ/mol. Probably, this is due to an incorrect choice of the force field or the simulation procedure. It was shown that the orientation of the asphaltenes in aggregates is predominantly parallel (Fig. 16) , and the resins present in the systems under study do not form aggregates in toluene and are weakly aggregated in heptane.
The dynamic properties of ASPs with different chemical structures which are the part of the studied asphalt were considered in Ref. [50] . The simulations were performed using OPLS force field implemented in the Lammps2001 package. After the equilibration during 0.3 ns, the main simulation time Fig. 15 . Chemical structures of asphaltenes studied in [48] . The A−C structures are taken from [23] , the D and E structures are taken from [49] . Reprinted (adapted) with permission from [48] . Copyright 2017 American Chemical Society. equaled to 4−6.3 ns. It was shown that the diffusion activation energy obtained from the Arrhenius dependence is approximately the same for all the studied molecules. The rotational relaxation times of ASPs were determined which equaled to 0.15-1.1 ns at 19°C and were in good agreement with the experimental data. It was noted that these times for asphaltenes extracted from different types of oil can differ 1.5-2.7 times [50] .
In Ref. [51] , aggregation of ASPs was studied in water, toluene and at the interface between water and toluene. The structures of the studied asphaltenes are shown in Fig. 17 . The simulations were performed by the LAMMPS program using CVFF force field. Initial configurations were generated using Accelrys Materials Studio 4.4. The simulation time equaled to 20 ns.
It was shown that ASPs are disordered in toluene, whereas at the interface of toluene-water phases they form aggregates in which the molecules are oriented perpendicular to the interface (Fig. 18) . ASP aggregates were oriented perpendicular to each other and bind to form a protective film when coming into contact with water.
The properties of ASP molecules (Fig. 19) at the oil-water interface were investigated in Ref. [53] . The GROMOS 53A6 force field was used in this study, the simulations were carried out in the NpT ensemble at the temperature T = 298 K and the pressure P = 1 bar. The simulation duration equaled to 100 ns.
It was shown that the flat fragments of ASPs do not stack to each other in a parallel manner, but they are oriented at different angles. It was concluded that steric repulsions of alkyl chains arisen during aggregation can be reduced by ASPs only in this way. It was established that hydrogen bonds are formed between water and polar groups of ASPs which affect the stability of the ASP-based film. These hydrogen bonds force the ASP molecules to remain at the interface of the oilwater phases. This result can be valid only for the specific ASP molecule studied in Ref. [53] , but it allows one to assume the possibility of the formation of complex structures in ASP aggregates at interfaces of different phases.
The behavior of the ASPs-based melt under glass transition was studied in Ref. [54] . To this end, the size of the polyaromatic core and the length/number of aliphatic side groups of the examined molecules were varied. The initial configurations of the Zajac-type ASPs and the ones without aliphatic side groups were generated using the MAPS® package (Materials and Processes Simulation [87] ). Then, configurations of the generated molecules required for the calculation of the partial charges being obtained by the RESP method were formed in the energy minimum. The Hartree-Fock method and the basis set of wave functions 6-31G* were used within the frames of the Gaussian program [88] to solve the Schrödinger equation [89] . At the beginning of the MD simulations, 100 ASP molecules were placed in a cubic cell with an edge length of 10 nm using the Amorphous Builder program included in the MAPS® package. The simulations were performed in the GAFF force field using the GROMACS 4.0.7 package. To determine the glass transition temperature, the stepwise cooling of the investigated systems was performed from 573 to 298 K. The simulation duration at each temperature equaled to 15 ns. The authors studied the effect of aliphatic and aromatic fragments of ASP molecules on the structural properties of the systems at temperatures close to the glass transition. As is well known, the cooling rate in MD simulations is many orders of magnitude greater than the experimental one which leads to a significant overestimation of the glass transition temperature in the simulations [60, 61, 90] . The experimental values of the glass transition temperature of ASPs obtained from Turkish petroleum equal to 200- 220°C [91] . The glass transition temperature was 120-130°C for ASPs extracted from Maya oil [92] . Depending on the type of ASP, the glass transition temperature values from 60 to 180°C were obtained in Ref. [54] that do not fully correspond to the given experimental data taking into account the overestimated cooling rate. It was shown that the aliphatic chains significantly influence the volume change in the region of transition to the glassy state and impose restrictions on the mutual orientations of the molecules allowed for the system. The transition to the glassy state was accompanied by the destruction of the packing of the ASP molecules due to π−π interactions.
The aggregation of polyaromatic compounds, including ASPs, was studied in Ref. [55] . The simulations were carried out in the GROMACS 5.1.2 package using the GROMOS53A6 force field at 298 K, the simulation duration for each system equaled to 30 ns. It was shown that the aggregation of the examined ASPs is mainly due to π-π interactions between the aromatic fragments of the molecules, while aliphatic grafts prevent the aggregation.
The adsorption of a synthetic polyaromatic compound, see Fig. 20 , on the surface of silica in toluene and heptane was studied in Ref. [56] . The results showed that the ASP molecules tend to be adsorbed on the surface of silica in heptane and form extended aggregates, whereas they form aggregates that remain mainly in the liquid phase and are not adsorbed on the surface in toluene.
The study of the interactions of ASPs with polymers containing both aromatic and strongly polar groups which can prevent the precipitation of ASPs according to the experimental data [93] [94] [95] was performed in Ref. [57] . The OPLS-AA force field was used for the MD simulations carried out in the GRO-MACS 5.1.1 package at the temperature 300 K. The simulation duration equaled to 200 ns. ASP molecules which differ by the presence of O-, OH-, N-and NHgroups in the aromatic nucleus were considered in the study. The type of polymer molecules was also varied. Three polymer molecules were considered: two succinimide-based polymers and one maleic anhydride polymer. The main conclusion of the paper is that high interaction energies of ASPs and polymers as well as very strong intramolecular hydrogen bonds in polymers can prevent polymer-ASP interactions.
The interaction between various compounds found in asphalts, including ASPs, was studied in Ref. [58] . The COMPASS force field implemented in the Materials Studio package (Accelrys) was used. The simulations were carried out at 298 K, the simulation duration equaled to 0.5 ns. It was shown that polar aromatic molecules not only form the structural skeleton of the system made of ASP aggregates, but also act as stabilizers which can enhance the interactions between ASPs and other molecules. Thus, the consideration of papers devoted to the study of ASPs by computer simulations using the atomistic MD method allows one to draw the following conclusions. The atomistic MD is an actual and effective approach to investigate ASPs; when it is being used one can obtain many important data on ASP aggregation behavior. The atomistic MD is successfully utilized to study systems containing ASPs and allows reproducing properties that are consistent with experimental data. The main task of the studies was to evaluate the structural properties of ASPs when they interact with other molecules, including ASPs, and to describe ASP aggregation under various conditions: in a melt, in water, in a nonpolar solvent, and at the interface. The simulation time of systems comprising ASPs represented by atomistic models is constantly growing, but so far rarely exceeds 100 ns. It is the times that are necessary to obtain relevant data, since the simulation time should significantly exceed the asphaltene displacement times by distances comparable with its own sizes. Therefore, it can be assumed that the rearrangements in aggregates of ASPs and in polymer-ASP systems may require the simulations at larger time-scales. Therefore, the carrying out the simulations using atomistic models at the time-scales of the order of hundreds of nanoseconds or even a few microseconds is a very promising task corresponding to the advanced level. Finally, there is no consensus on the methodology for atomistic simulations of ASPs. In the studies where simulations times were tens and hundreds of nanoseconds, high-performance software packages such as GROMACS or LAMMPS were mainly used for calculations. In this case, the standard parameters preset in such types of force fields as GRO-MOS and OPLS as well as parameters of force fields of GAFF family were used to describe the interactions with the additional parametrization associated with quantum chemical calculations of partial charges. Some of the obtained results (for example, glass transition temperature or aggregation behavior in toluene) are not always in a good agreement with the experimental data which indicates the need for an accurate approach to both the choice of the force field and the determination of the minimal required time of simulations.
MESOSCOPIC METHODS FOR ASPHALTENES SIMULATION AND COARSE-GRAINED MODELS
The establishment of the thermodynamic equation of state which connects the thermodynamic parameters of the system under study (temperature, pressure, and volume) and the construction of the phase diagram (PD) which shows the stability regions of different thermodynamic phases in the system depending on two thermodynamic parameters (for example, temperature and pressure) selected as independent external parameters is of considerable interest from the point of view of the results of theoretical analysis including that performed with the help of computer simulations. For systems containing ASPs, one of the most important questions is whether ASP molecules could aggregate in the chosen solvent at a given temperature and pressure including the conditions of strong spatial limitations, for example, in pores of small sizes.
The equations of state for real liquids and gases are well known and are included in classical textbooks and reference books on thermodynamics [96] [97] [98] [99] [100] [101] [102] . In essence, they represent the modifications of the van der Waals equation for real gases for the case of molecules that are more complex than a simple spherical particle and include additional terms with numerical parameters which can often (in particular, for engineering tasks) be selected on the basis of comparison with experimental data. The Peng-Robinson thermodynamic equation [100, 101] , for example, allows one to obtain reliable results for short hydrocarbon chains and their mixtures. It is often used to calculate the phase equilibrium in the oil and gas industry [102] , since this equation makes it possible to construct phase diagrams, i.e. to answer the question of which phase will be stable under given external conditions (in particular, whether the selected hydrocarbon liquid will be dissolved or precipitate in this particular solvent at the given temperature and pressure). However, ASP molecules have very complex chemical structure in order to build a phase diagram from simple thermodynamic relationships that reliably predicts the phase state over a wide range of parameters of external conditions. For the same reason, semi-empirical methods for ASPs may work poorly, in particular, the A.A. Askadsky increment method [103, 104] . Two approaches are known for constructing models of systems containing complex molecules. The first one is to semi-empirically obtain the equation of state relying on known equations of state and known features of asphaltene-based systems and to calculate the coefficients for the various terms in this equation using atomistic models of asphaltenes. The second approach consists in the construction of the equations of state using the approaches of multiscale computer simulations for systems of particles in which the details of the chemical structure of molecules are included in the force field of interactions between coarse-grained particles.
The first approach is much faster in terms of simulation time and less demanding in terms of required computational resources [2, 8, [105] [106] [107] . A new method to study ASPs using the equation of state PC-SAFT (EOS) was introduced in Ref. [107] . In addition, the model of the influence of nonionic dispersants on the thermodynamic behavior of ASPs and, in particular, on the amount and precipitation starting point of ASPs at various pressures, temperatures, and with different composition of the studied system was developed. The association parameters for ASP molecules were determined by setting equal the association Gibbs energy calculated with the new PC-SAFT equation of state to that obtained from the MD simulations. The relationship between ASPs association energy parameter and the molar mass of their aromatic cores was established. The proposed model showed that the ASP association energy depends on the temperature and solvent type and is inversely proportional to the solubility parameter of the medium. The average aggregation number of asphaltene nanoaggregates was calculated using the Wertheim association theory. This model was used to predict the precipitation of ASPs for three different types of crude oil and showed good agreement with the experimental data known in the literature. In addition, it was possible to predict the quantitative characteristics of ASP precipitation upon the addition of nonionic dispersants with the help of this model. Thus, the first approach can satisfactorily reproduce the macroscopic characteristics of the ASPbased systems, although it usually does not provide much information about the microscopic details of their aggregation processes. In addition, the equations of state are valid only for systems in the thermodynamic equilibrium. However, the microscopic details of such processes and their nonequilibrium character can be very important for the direct search for parameters of systems with the desired properties, so the use of this approach is often not justified.
The second approach is more promising from the point of view of reliability and validity. The construction of the equation of state and phase diagrams based on the computer simulation of systems consisting of particles which can be individual atoms or groups of atoms (so-called coarse-grained particles). This level of description is called mesoscopic, and the corresponding approaches and models are mesoscopic as well [108] [109] [110] [111] . This method allows one to study both equilibrium and nonequilibrium states including the processes of transition between them at the mesoscopic level of description. The application of mesoscopic simulation methods can significantly accelerate the calculation of the parameters of the equation of state and facilitate the construction of PD.
In models with "coarse" particles, one microstate of the system is its configuration at a given time, i.e. a set of instantaneous values of coordinates and momenta for all particles in the system. The set of all possible microstates (configurations) of the system forms its phase space. The problem of sorting out all the microstates, the solution of which is necessary to obtain complete information about the system, is impossible even for a two-dimensional Ising model on a 20 × 20 spin lattice (it is impossible to go through all 2 400 microstates of such a system on a modern supercomputer during the existence time of the Universe), and even more so for any molecular system. Nevertheless, it is necessary to go through as many configurations as possible for each set of model parameters that characterize the external conditions (temperature, pressure, quality of the solvent). There are two classes of techniques that allow one to achieve this: Either it is necessary to sufficiently sort out the microstates (configurations) of the system in the phase space, or it is necessary to increase the speed of the system movement along the trajectory in the phase space and increase the length of the trajectory. The first class of techniques includes, in particular, the use of flat-histogram Monte Carlo method [112] , while the second class comprises the methods that increase the time step in the finite-difference scheme of solving the equations of motion using "soft" interaction potentials (see below detailed description of the method of dissipative particle dynamics). It is important to use the Wang−Landau algorithm in the method of flathistograms [113, 114] which was successfully applied in some studies for the calculation of the phase state of asphaltenes (see below).
It should be noted that the decrease in the number of particles due to the transition from atomistic to coarse-grained models always allows one to increase the dimensions of the systems studied in the simulations and the monitoring time of the system regardless whichever of the methods is applied. This is especially important for ASPs where aggregation can occur quite slowly and the resulting aggregates can be very large as noted above.
The construction of coarse-grained models based on data obtained with the use of atomistic models includes two stages. At the first stage, a procedure is chosen for splitting the atomistic model into groups of atoms that then should be replaced by a coarsegrained particle of the coarse-grained model. One of the most often scenaria is that a monomeric unit of a macromolecule is replaced by one particle of a coarsegrained model, but sometimes it is possible to combine several monomer units into one particle. However, if the monomer unit is very large (the order of several tens of atoms), it becomes necessary to introduce several coarse-grained model particles instead of one monomeric unit of the atomistic model. In terms of the number of particles in the model, there is still a gain (for example, 30 atoms are replaced by 3 coarsegrained particles). Such replacement options are also used for ASP molecules. When a real molecule is splitted into "large grains", it is important to avoid disproportion between the dimensions of individual particles (see [115] ).
Usually, mesoscopic models are part of the socalled multiscale approach combining simulations with varying degrees of details for the same studied system. The multiscale approach to ASP simulations has been successfully applied in Ref. [116] . Thus, the molecular structures of ASPs found in crude oil samples were determined, and their behavior in solution was studied at the atomistic level by the combination of quantum mechanical calculations and simulaions on the basis of atomistic force fields. The authors introduced the concept of an "average" ASP molecule, i.e. the molecule whose chemical structure reflects the most common features of ASP samples. The determination of the "average" molecule for each ASP sample was carried out by the simulation of the probable molecular structures using the methods of the density functional theory and by comparison of the results with the available experimental data. Then, two selected models were used to simulate ASP aggregation in four different solvents, after which the spontaneous formation of supramolecular clusters in concentrated asphaltene solutions was studied using classical molecular dynamics in periodic boundary conditions. The Hildebrand solubility parameter was calculated for the entire set of ASP structures as a practical example of evaluation of important physicochemical properties from molecular simulations.
Coarse-grained ASP models were also developed in Refs. [117] [118] [119] .
The determination of vapor-liquid equilibrium data is a key parameter for the calculation of the stability or precipitation conditions of ASPs. Using atomistic simulations by the molecular dynamics method, the coarse-grained force field was parametrized for a number of alkyldipirene compounds which are often used as model compounds for ASPs and predict their thermodynamic properties [117] . The authors combined the Wang−Landau approach [113] with hybrid Monte Carlo simulations in the isothermal-isobaric ensemble for the comprehensive analysis of the configurations of the studied systems over a wide range of densities. This made it possible to obtain conditions of coexistence and to determine the effect of the presence of an alkyl chain on the thermodynamic properties of the ASP. In particular, the quasilinear relationship was found between the boiling point of these compounds and the length of the alkyl chain.
ASP molecules consisting of various hydrogenated polyaromatic cores and side chains of different sizes grafted with different densities were simulated in a mixture of heptane and tetralin solvents using coarsegrained force fields [118] . During the simulation, ASP molecules were aggregated due to the attraction between their polyaromatic cores, but the sizes and shapes of the aggregates were different. The average size of the aggregate decreased with the increase of the hydrogenated polycyclic core, the length of the side chain and the concentration of tetralin which agrees with the experimental results obtained in the hydrocracking process [120] . It was shown that the number of side chains also affects the size of the aggregate, but only in the presence of tetralin. In particular, the effect of tetralin addition was more significant for ASP molecules with a large number of side chains, since the side chains sterically restrict the intermolecular interactions between the polyaromatic cores that facilitates the binding of the aromatic ring of tetralin to the polyaromatic ASP core. This influence of the side chains led to the formation of aggregates of various shapes: parallel-oriented (face to face) aromatic cores with a large number side chains and a T-shaped (where the edge and flat surface of two asphaltenes approach each other as noted above) or an offset parallel orientation for those ASP that have a small number of side chains. These results [118] agree with known experimental data on the effect of tetralin on the ASP solubility and indicate that the effect of tetralin on the ASP aggregation depends on the number of side alkyl chains.
The coarse-grained MD simulations of ASP molecules were performed in Ref. [119] in order to construct a phase diagram that reflects the existence of self-organized structures depending on temperature, pressure, and the ratio of n-heptane and toluene in a mixed solvent which makes it possible to evaluate the possibility of controlling the ASP aggregation by the adjustment of processing conditions. Then, the simulation data was combined with the methods of comparison of graphs and algorithms for nonlinear reduction of the dimensionality of the manifold to determine low-dimensional surfaces of free energy that control the ASP self-assembly. It turned out that the increase in pressure has a little effect on the landscape of free energy and leads to destabilization of only the largest aggregates. The increase in the temperature and the fraction of toluene in the solvent stabilizes small cluster sizes and intermolecular interactions. Although the underlying molecular mechanisms differ from each other, the similar effect of these factors on the landscape of free energy allows one to suggest that an increase in the concentration of toluene acts on self-assembly of ASPs as well as an increase in temperature.
Simulations of systems based on ASPs by dissipative particle dynamics (DPD) were carried out in the studies [121] [122] [123] [124] [125] [126] [127] .
DPD makes it possible to significantly increase the time-and spatial-scales that can be obtained in a computer experiment [126, 127] and has proved to be a very effective mesoscopic method for the simulation of concentrated polymer solutions and melts with a high viscosity and slow relaxation to thermodynamic equilibrium [128] . This method is based on the numerical solution of Newton's equations for a system of molecules consisting of effective particles. Each of the particles represents a group of small molecules or a fragment of a macromolecule, i.e. there are particles that are rather "large grains" in comparison with the mesoscopic models used in the MD method. A special feature of the DPD method is the use of "soft" effective intermolecular interaction potentials which allows one to choose a sufficiently large time step in the finitedifference scheme of solving Newton's equations of motion [126] [127] [128] [129] [130] . DPD thermostat describes the canonical (NVT) ensemble ensuring the conservation of linear momentum and angular momentum in the system which makes it possible to qualitatively reproduce the hydrodynamic properties of a discrete solvent (in contrast, for example, with the Brownian dynamics [131] [132] [133] method where an external solvent is replaced by a homogeneous medium which leads to an inhomogeneous distribution of the momentum of the particles in magnitude and direction). DPD method makes it possible to perform simulations on essentially large (in comparison with MD) spatial (about 0.1 micron) and time (on the order of 0.001 s) scales and makes it possible to obtain a more complete picture of self-organization processes in molecular systems due to large time trajectories. Therefore, the DPD method is promising to study asphaltene-based systems.
This method was used in Ref. [121] to study the effect of DBSA (dodecylbenzenesulfonic acid) and a linear amphiphilic molecule on the aggregation of ASPs. The simulation results showed that the aggregation of ASPs with diffusion limitation in the absence of an ingibitor can be initiated by a kinetic/diffusion capture process between the groups of polar side chains rather than the interaction between polyaromatic cores. The most probable reason for this is that the side chains have a higher diffusion mobility than the more massive aromatic structures. The groups of the acid "head" of DBSA adhered to the polar groups of the ASP side chain (bases functional groups) which led to a decrease in the mobility of the side chain complexes and DBSA, thereby suppressing the initiation of ASP aggregation. A more mobile amphiphilic inhibitor without an aromatic ring gave a higher rate of the ASP aggregation. Adsorption of ASPs on a solid surface was suppressed by DBSA due to the adsorbed DBSA monolayer that occupied a significant part of the surface area.
The preferred orientation of ASPs at the oil-water interface was investigated in Ref. [122] using coarsegrained simulations by the DPD method. The model of the ASP molecule was composed of a central polycyclic aromatic hydrocarbon core and peripheral alkanes (Fig. 21) .
The study [122] discusses in detail both the procedure of splitting molecules into "coarse grains" and the effect of the use of different solubility parameters in constructing the interaction potential between particles of a coarse-grained model. The orientation of ASP molecules with peripheral oxygen residues at the oil-water interface was studied. The authors used toluene molecules to describe the oil in the systems under the study. A similar approach was applied in Refs. [123, 124] . Three different orientations of the ASP model were used as the initial configurations: horizontal with respect to the toluene-water interface, perpendicular to the toluene-water interface, and inclined by 45° relative to the toluene-water surface. The detailed methodological part makes the study [122] a useful source of information for the development and verification of the coarse-grained models in the study of various systems containing ASPs. It was found that in all cases ASP molecules are located at the toluene-water interface in such a preferred orientation, where the aromatic fragment lies in the plane of the toluene-water interface, and the aliphatic chains are perpendicular to the interface and are in the region of toluene. Such a molecular orientation persisted even with an increase in the concentration of ASP molecules at the interface. Some ASPs were forced into the toluene volume due to steric restrictions, but some remained on the boundary between toluene and water. It was found that the main contribution to the interaction of ASPs between each other in the volume of toluene is made by π−π-interactions between aromatic cores. It was observed that the aggregate enters (b) (a) the volume of toluene in the case of the nanoaggregate where the aromatic center is surrounded by alkyl chains; thus, these nanoaggregates did not precipitate on the toluene-water interface. In the case of the coarse-grained ASP model with peripheral oxygen groups, it was found that the oxygen-containing fragments are oriented in the plane at the toluene-water interface and the polycyclic aromatic hydrocarbon core is oriented outside the plane and locates in the region of toluene. The obtained results of the simulation are consistent with extensive experimental data. Using this paper as the example, it can be seen that the combination of the coarse-grained model and the DPD method (provided that the main structural characteristics of ASPs are preserved in their coarsegrained model) is a powerful tool to study oil-water emulsions containing ASPs.
Investigation of emulsions with surface-active components on the oil-water interface is of fundamental and practical importance in many areas. In Ref. [123] , interface films of ASPs and the ASP/polyacrylamide (PAM) mixtures at the toluene-water interface were studied. The detailed analysis of the molecular interactions in the ASP and in the ASP/PAM mixtures at the toluene-water interface was carried out by the comparison of the DPD simulation data with the experimental one. It was shown that the rigid mechanical ASP film is formed because of the rigid structure of polycyclic aromatic hydrocarbon cores and π−π interactions between them. At a higher concentration of the ASP, their nanoaggregates acting as a stable layer at the toluene-water interface make it difficult to merge the droplets. In addition, the stepby-step collected ASP/PAM film formed at the toluene-water interface was detected. The inner layer consisted of the PAM with a network structure and the outer layer comprised the rigid ASP. While the rigidity and stability of this film were explained by the viscoelasticity and rheology of PAM and the "synergistic effect" associated with interactions between ASP and PAM, the presence of PAM significantly increased the stability of water-in-oil emulsions. It was concluded that PAM with higher concentrations and molecular masses can generate a more ordered structure of the network which leads to the formation of a more stable ASP/PAM film at the toluene-water interface.
It is known that ASP molecules play a significant role in the stabilization of water emulsions in crude oil or in dilute solutions of bitumen. The DPD method was used in [124] to study the aggregation and orientational behavior of ASP molecules at the boundary of emulsions of toluene-water at mesoscopic scales. In this study, three types of model ASP molecules with different chemical structures were used (Fig. 22) .
It was found in Ref. [124] that initially disordered ASPs quickly self-organize into ordered nanoaggregates consisting of several molecules where aromatic rings are reoriented to form nanoaggregate structures. More importantly, the structure of the resulting nanoaggregates indicated that most of the polycyclic aromatic planes of ASPs with the "island" architecture are preferable to be oriented perpendicular to the toluene-water interface. However, the majority of polycyclic aromatic ASP planes with the "archipelago" architecture were oriented parallel to the interface. ASP nanoaggregates oriented both perpendicularly and in parallel formed a stable protective film that "wraps" water droplets preventing the coalescence of such droplets. The increasing number of aliphatic chains of ASPs prevents π-π interactions between polycyclic aromatic hydrocarbon cores. Therefore, ASPs prefered to orient parallel to each other at the toluene-water interface. The results of Ref. [124] make a significant contribution to the fundamental understanding of the mechanism of self-assembly of ASPs on the toluene-water interface and stabilization of the behavior of water-in-oil emulsions by ASPs.
The condensed aromatic rings were considered as solids, and the modified DPD method was used to study systems containing ASP in Ref. [125] . The diffusion coefficients of ASPs were determined, the values of which turned out to be close to the ones obtained experimentally. The aggregation stability of ASPs in heptane was studied, and it was shown that the results of the simulations are consistent with the results obtained with the Yen−Mullins model [79] . Monomers, nanoaggregates and clusters were observed in the simulations at different concentrations.
The review of theoretical methods devoted to the use of coarse-grained models allows one to formulate the pros and cons of mesoscopic methods in the application to problems related with the study of ASPs. The main advantage of these methods is the gain in the speed of evolution (movement) of the system along the trajectory in the phase space which makes it possible to increase the spatial-and time-scales available for the study of systems consisting of ASPs and significantly reduces the simulation time required to achieve the equilibrium from the initial state. The main disadvantage of such methods is that coarse-grained models may not take into account important details of the chemical structure of ASP molecules which are the most critical and underly the physical properties of a particular system; the loss of such "key" features of the chemical structure of ASPs in the transition to coarsegrained models can lead to an incorrect description of the properties of the systems under study.
CONCLUSIONS
The methods of quantum chemical, atomistic and mesoscopic simulations are successfully used in known studies of systems on the basis of ASPs. Much of the studies is devoted to the simulations of ASPs in low-molecular medium and to the identification of the basic structural characteristics of the molecules under study, whereas the number of studies devoted to the simulations of asphaltenes mixed with polymers is comparatively small. However, the simulations of ASPs in low-molecular medium formed a significant methodological basis for the transition to the simulations of polymer nanocomposites filled with ASPs which is an important and promising direction.
In addition, most of the papers devoted to the study of systems based on ASPs were performed using only one of the considered simulation methods. However, the best result is achieved with the use of multiscale simulation algorithms when the results obtained at one level of simulations are transferred to a higher level. For example, the calculation of partial charges of atoms performed by quantum chemical methods is used in atomistic simulations by the molecular dynamics method on the basis of which coarsegrained models are developed. Moreover, a comparison of the data of atomistic and coarse-grained simulations makes it possible to verify and interpret the results obtained in the coarse-grained simulations at time-and spatial-scales larger than the ones in the atomistic simulations. One can reconstruct a detailed description of the system and equillibrate the local degrees of freedom using the inverse mapping procedure to the atomistic models.
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